The distribution of solutes in the various cells of sugar beet (Beta vulgaris L.) source leaves, petioles, and sink leaves was studied in tissue prepared by freeze-substitution. The differences in degree of cryoprotection indicated that sieve elements and companion cells of the source leaf, petiole, and sink leaf contain a high concentration of solute. The osmotic pressure of various types of cells was measured by observing incipient plasmolysis in freeze-substituted tissues equilibrated with a series of mannitol solutions prior to rapid freezing. Analysis of source leaf tissue revealed osmotic pressure values of 13 bars for the mesophyll and 30 bars for the sieve elements and companion cells. The osmotic pressure of the mesophyll of sink leaves was somewhat higher.
solute concentration of the sieve-tube sap is considerably higher than that of source leaf mesophyll cells of the same plant. Her findings suggested that high solute concentration in the mesophyll cells is not the basis of the proposed driving force; rather, the data indicated the existence of active transport of solute from mesophyll cells to sieve elements against a concentration gradient.
Advocates of Munch's mass flow theory proposed that phloem loading is maintained by metabolic activity of source region phloem, while in the sink region metabolism is some way responsible for removal of translocate (5) . Numerous workers have postulated that an active process in the minor vein phloem serves to drive mass flow of solutes (1, 2, 4, 5, 7, 10, 14, 22, 25, 26) . In support, various investigators have used autoradiography to demonstrate loading of minor vein phloem (9, 14, 16, 17, 23) . Barrier and Loomis (1) used the term "loading" for the process and proposed that it is an essential step in the translocation process. Eschrich (6) advocated the term "phloem loading" for this step.
Although Roeckl (22) found that the sugar gradient is incompatible with passive loading of minor vein phloem, several key questions await more definitive answers, including the path of solute transport from mesophyll to the sieve elements, the site of phloem loading, and the feasibility of phloem loading as part of the driving force for translocation. In the present work plasmolysis was observed at the cellular level following equilibration of leaf tissue with solutions of graded osmotic pressure so as to measure osmotic pressure of the various cells proposed to be associated with phloem loading and translocation. The pattern of solute distribution observed suggests that sugar is loaded into the companion cell-sieve tube complex from the free space. The osmotic pressure values that were measured provide specific parameters for developing a model for mass flow translocation of solutes in the phloem.
In 1930 Munch (20) described a mechanism of translocation whereby flow through the phloem is the result of a difference in osmotic pressure at the two ends of the translocation system. According to this model, synthesis of sugar in the source leaf gives rise to high osmotic pressure in cells of the blade while removal of sugar by utilization or storage lowers solute concentration in the sink regions of stems, roots, and fruits. Osmotic measurements by Roeckl (22) by plasmolysis, refractometry, and cryoscopic techniques revealed that the 1This work was supported by National Science Foundation Grant GB-33803. S.A.S. was the recipient of a National Science Foundation Graduate Traineeship.
MATERIAIS AND METHODS
Sugar beet plants (Beta vulgaris L., cv. Klein E type of monogerm hybrid) were grown in solution culture (11) . Tissue was sampled from 10-cm long blades of the 7th or 8th leaves which were photosynthesizing in 2000 to 3000 ft-c of light. Similar leaves were used in previously reported translocation studies (9) (10) (11) (12) . Freeze-substitution was carried out by the method of Fisher (8) . Tissue was quickly removed from the blades and cut into strips 0.5 mm wide and 5 to 8 mm in length. Thin strips were forcibly flicked from the end of a flexed microspatula into an isopentane-methyl cyclohexane mixture cooled with liquid nitrogen until it was slightly viscous (-175 C). Freezing of the isopentane mixture was carefully avoided to prevent tissue damage. Temperature was monitored with a thermocouple probe throughout the process to avoid warming the tissue above -70 C or cooling below -175 C.
Tissue was picked up with a scoop partially filled with solid carbon dioxide snow and transferred to approximately 20 ml of -70 C methanol in screw-cap test tubes suspended in an acetone-Dry Ice slurry. Tissue which had not been transferred quickly enough to avoid excessive warming was discarded. After allowing tissue-ice to dissolve in methanol at -70 C for 3 days, the tissue was warmed to -30 C by removing the vial from the cooling mixture to a deep freeze for 1V2 hr. Caps were loosened to allow pressure release. All but approximately 1 ml of the methanol was decanted, and 1 ml of 2% osmium tetroxide in absolute methanol at -30 C was added. The tissue was slowly warmed to room temperature and allowed to stand 1 hr for staining. The strips were cut into 1-to 2-mm lengths with a razor blade without drying, transferred to absolute acetone, and embedded in Spurr's mixture. Tissue was sectioned with a diamond knife and viewed with an RCA EMU-4 electron microscope.
In plasmolysis studies the upper surface of the blade was gently rubbed with 600 mesh alundum-water paste to remove the epidermis, and the tissue was allowed to come to osmotic equilibrium in a given mannitol solution. After this equilibration period the tissue pieces were quickly frozen and freezesubstituted in methanol. Source leaf tissue pieces 0.5 mm X 5 to 8 mm were floated on a graded series of mannitol solutions which ranged from 0.3 tol.5 M in steps of 0.1 M. Slices 1 mm thick were removed from the top and bottom of source leaf petioles and equilibrated with solutions in a series from 0.9 to 1.2 M mannitol. Tissue strips 0.5 x 5 mm were removed from 4-to 5-cm long sink leaf blades and equilibrated in a series of 0.4 to 1.0 M mannitol.
Differences in the extent of ice crystal damage were used as an initial indication of solute concentration. Sucrose and other oligosaccharides, which are major constituents of the leaf, have been found to provide excellent cryoprotection while other organic solutes such as amino acids and peptides do so to a lesser extent (3) . Plasmolysis data subsequently substantiated the distribution of solute inferred from cryoprotection patterns.
Incipient plasmolysis was determined as that point in an increasing concentration series at which a significant proportion of the cells of a given type first showed plasmolysis. Mannitol solutions of up to 1.5 M were prepared by gentle heating; crystallization did not occur in any of the solutions for at least 24 hr at 25 C. Below 1.2 M the solutions were stable indefinitely. The osmolality of the solutions, measured by freezing point depression, was found to be a linear function of the molar concentration from 0.8 M to at least 1.3 M, the highest concentration routinely used. Osmotic The terminology for referring to the specialized cells associated with sieve elements is a source of difficulty. Esau (4) suggested that the functional aspect of the organelle-rich cells associated with the sieve tubes be emphasized rather than their ontogeny. If the term "transfer cell" is restricted to those cells which show wall protuberances (14) , this term cannot be applied to the specialized cells associated with minor vein sieve elements in sugar beet. While the ontogeny of the specialized phloem parenchyma is not clear in every case, the term "companion cell" will be used in this paper until a suitable term such as intermediary cell (4) To investigate the pattern of solute concentration quantitatively, pieces of source leaf blades were floated on a series of solutions of mannitol ranging from 0.3 M to 1.5 M in 0.1 M concentration steps. After an equilibration period, the pieces floating on a given concentration were quickly frozen, prepared by freeze-substitution, and observed in order to determine the concentration of osmoticum which produced incipient plasmolysis in each cell type. The lowest mannitol concentration which produced incipient plasmolysis in the sieve elements and companion cells of the minor veins varied between 1.0 and 1.1 M or 28 to 30 bars (Fig. 1, C, E) . Variations occurred between plants and between cells in the same plant. Figure  1 , B to D, shows sieve elements and companion cells just below, at, and considerably beyond the point of incipient plasmolysis. Sieve elements and associated companion cells often show incipient plasmolysis at the same concentration, enabling us to infer a close physical and physiological connection between these cells.
When source leaf tissue was equilibrated with 0.5 M mannitol, a significant proportion of the mesophyll showed slight plasmolysis (Fig. 1, G, H Tyree (24) concluded that symplastic transport is a feasible means of cell to cell transport. Trip (23) (15) in oak. The osmotic pressure gradient presumably results from the lateral influx of water as the turgor pressure is dissipated along the resistance of the path. Given the 20-to 30-cm path between source and sink leaves in sugar beet, the resulting osmotic pressure gradient would not be detectable by the present method. The 2-bar pressure decrease from source to sink predicted by the Poiseuille relationship from the dimensions observed in sugar beet sieve tubes is at the limit of detection of the method. Measurement of the various osmotic parameters in cells associated with translocation is of assistance in assessing the feasibility of phloem loading as a source of driving force for translocation. The osmotic pressure values for the sieve tubecompanion cell complex are of the order required to generate the turgor pressures measured by Hammel (15) for red oak phloem.
Aspects of the system which remain unknown include the water potential of the free space solution and the actual pressure drop along the transport system. Observations which appear to be significant elements in developing a model include: (a) The osmotic pressure of the sieve element-companion cell complex of the minor veins is higher than that of the source leaf mesophyll. (b) There is a sharp difference in solute concentration at the membrane of the sieve element-companion cell complex. (c) The osmotic pressure of the sieve tube contents is slightly lower in the mature sieve elements at the sink end of the path. (d) The osmotic pressure of the developing cells of the sink tissue appears to be higher than that of the source leaf mesophyll. These findings appear to be compatible with a pressure flow mechanism driven by active transport at both source and sink ends. Physiological studies related to elements of the proposed model are under way.
